Lichtenstein -Knorr syndrome is an autosomal recessive condition that associates sensorineural hearing loss and cerebellar ataxia. Here, we report the first identification of a gene involved in Lichtenstein -Knorr syndrome. By using a combination of homozygosity mapping and whole-exome sequencing, we identified the homozygous p.Gly305Arg missense mutation in SLC9A1 that segregates with the disease in a large consanguineous family. Mutant glycine 305 is a highly conserved amino acid present in the eighth transmembrane segment of all metazoan orthologues of NHE1, the Na 1 /H 1 exchanger 1, encoded by SLC9A1. We demonstrate that the p.Gly305Arg mutation causes the near complete de-glycosylation, mis-targeting and loss of proton pumping activity of NHE1. The comparison of our family with the phenotypes of spontaneous and knockout Slc9a1 murine models demonstrates that the association between ataxia and hearing loss is caused by complete or near complete loss of function of NHE1 and altered regulation of pH i in the central nervous system.
INTRODUCTION
Autosomal recessive cerebellar ataxias are a heterogeneous group of inherited neurodegenerative disorders that affect the cerebellum, the spinocerebellar and sensory tracts of the spinal cord and often the sensory nerves. Recessive ataxias may present as a pure cerebellar syndrome or are associated with neurological symptoms such as peripheral neuropathy, dystonia, chorea, cognitive impairment, optic atrophy, seizures or extra neurological symptoms such as cardiomyopathy and diabetes mellitus in Friedreich ataxia [MIM# 229300; (1) ]. The main clinical features are staggering gait with frequent falls, upper limb dysmetria, impairment of speech, dysphagia and saccadic ocular pursuit.
The association of recessive ataxia with hypoacousia or deafness is uncommon. Ataxia and sensorineural hearing loss are seen in the pleiotropic syndromes PHARC (polyneuropathy, hearing loss, ataxia, retinitis pigmentosa and cataract) and Refsum disease, which also associate peripheral neuropathy, retinitis pigmentosa and ichtyosis (Refsum) or cataract (PHARC).
Refsum disease is caused by mutations in phytanoyl-CoA hydroxylase (PHYH) and peroxin 7 (PEX7), and PHARC is caused by mutations in alpha/beta hydroxylase 12 (ABHD12) (2) . Hearing loss is a rare feature of Friedreich ataxia (seen in 7 -13% of the cases) (3) and mitochondrial recessive ataxia syndrome (MIRAS) (4) . The co-occurrence of ataxia and deafness of autosomal recessive origin has been described in a few syndromes, including Lichtenstein -Knorr syndrome (5 -7) and PratapChand syndrome (8) . Pratap-Chand syndrome is an infantile form of olivopontocerebellar atrophy, failure to thrive, microcephaly and deafness reported in 11 families of Omani origin. Lichtenstein -Knorr syndrome is a juvenile/adolescent onset form of ataxia and sensorineural hearing loss, described for the first time in 1930 by Lichtenstein and Knorr (9) . No gene has been identified as the cause of Pratap-Chand and LichtensteinKnorr syndromes.
We report here the identification, by whole-exome sequencing combined with homozygosity mapping analysis, of a homozygous missense mutation in the Na + /H + exchanger isoform 1 [NHE1, encoded by SLC9A1 (MIM 107310)] of a consanguineous family with Lichtenstein -Knorr syndrome. The causative involvement of the mutation, which introduces a positive charge in the middle of the eighth transmembrane segment of NHE1, was investigated by activity, expression and targeting analyses of the mutant protein. Functional disruption of NHE1 in the ataxia/deafness family and comparison with phenotypes of spontaneous and knockout murine models (10) demonstrate that isolated ataxia and hearing loss is caused by complete or near complete loss of function of NHE1 and altered regulation of pH i in the central nervous system (CNS).
RESULTS
Three siblings born from first-degree consanguineous parents of Turkish origin were affected by early onset cerebellar ataxia and deafness (family C.). Clinical features are summarized in Table 1 . All three siblings had normal birth and normal initial development but experienced delayed walking at ages ranging from 18 months to 5 years with aid required. From there on, they developed gait and limb ataxia. On clinical examination, the patients presented with cerebellar ataxia, dysmetria and adiadochokinesia. They also all had lower and upper limb areflexia, suggesting peripheral neuropathy. The two sisters had reduced sensory evoked potentials and normal motor conduction velocities (peripheral sensory nerve conduction was not recorded). Severe to profound sensorineural deafness was diagnosed at ages ranging from 12 to 20 months. The two girls had profound deafness with the lack of language and the lack of response at 100 dB on auditory evoked stimulation (Fig. 1) . Vestibular investigation by caloric testing with hot water could only be performed with the younger sister for the right ear and revealed hyporeflexia. The younger boy had severe deafness with the lack of V wave at 110 dB stimulation (Fig. 1) . He learned hand sign language. The two girls had café-au-lait spots on the left thigh. Lactate and pyruvate measurements, performed in order to test for a mitochondrial disorder, were normal. Cerebral magnetic resonance imaging (MRI) was normal in the older girl and revealed very mild vermian atrophy in the younger girl ( Fig. 1) . At the age of 14 years, the younger sister was hospitalized following a malaise with clonic jerks evoking seizure. Two electroencephalograms (EEGs) performed on this occasion were normal. The boy had delayed puberty with normal luteinizing-hormone -releasing hormone response and a short stature at age 16 years [23.7 standard deviation (SD)].
Because of consanguinity of the parents, homozygosity mapping was performed by whole-genome single-nucleotide polymorphism (SNP) analysis of the patients. SNP analysis revealed two significant regions of homozygosity shared by the three affected siblings, one on chromosome 1 (23.6 Mb; 294 consecutive homozygous SNPs between rs725389 and rs841851), and one on chromosome 7 (5.5 Mb; 57 consecutive homozygous SNPs between rs6464907 and rs3899133; Fig. 2A ). Since exome sequencing of patient IV.1 revealed no mutation in known ataxia or deafness genes, variants located in the two regions of shared homozygosity were investigated. Seven homozygous variations with a frequency of ,1% in dbSNP 137 were found in the region on chromosome 1 and none were identified in the region on chromosome 7.
Of the seven variants located in the shared homozygous regions, two were intronic and one was located in a 3 ′ untranslated region (UTR) region. All the three variants had frequency ranging from 0.5 to 0.8% in dbSNP137 and were referenced in the Ensembl SNP database (rs115769731, rs11586791 and rs141375854). None of the intronic and 3 ′ UTR variants were likely pathogenic since they were not predicted by the Human Splicing Finder (HSF) (11) to affect adjacent splice sites or to activate cryptic splice sites.
The four remaining variants were located in exon coding sequences, two of which had frequency of 0.5 and 0.6% in Fig. 2D ). The replacement of glycine 305 (a small neutral amino acid in the transmembrane segment) by arginine, a positively charged amino acid, is predicted to be very probably pathogenic according to the Sift and Polyphen2 prediction programs (SIFT score: 0.01).
Sanger sequencing confirmed that the c.913G.A variant segregates with the disease (homozygous in all three patients 
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Human Molecular Genetics, 2015, Vol. 24, No. 2 and heterozygous in the two parents; Fig. 2B and C) . The c.913G.A/p.Gly305Arg variant therefore appears to be the causative mutation in family C.; this conclusion is further supported by the two independent Slc9a1 mice models which present with a neurological syndrome that includes ataxia (10, 12) . After identification and characterization of the mutation in family C., 172 patients with ataxia and/or hearing loss were analyzed by sequencing of the 12 coding exons of SLC9A1. We identified two missense and two synonymous heterozygous variants in patients with ataxia only. Both synonymous variants were referenced in the Ensembl SNP database with a frequency of 0.37 (c.1356C.T, p.Ile452 ¼ rs35607809) and 0.0078% (c.1275C.T, p.Arg425 ¼ rs370187243). Both missense variants were found in exon 12 and were predicted damaging by SIFT: c.2323G.C, p.Asp775His (SIFT score ¼ 0.01) and c.2426C.T, p.Pro809Leu, rs144794319 (SIFT score ¼ 0.00). However, none of the four variants appears to be disease causing since they are heterozygous in four distinct patients.
To conclusively demonstrate the pathogenicity of the p.Gly305Arg (G305R) change, we mutated cDNA for the NHE1 protein to create this mutation. The mutant protein was then stably expressed in AP-1 cells are a Chinese hamster ovary cell line that lack their own NHE1 protein. The NHE1 protein contains a hemagglutinin (HA) tag for detection. We have earlier determined that this tag does not affect NHE1 function (13) . Initially, we examined the expression of the G305R mutant in AP-1 cells using western blot analysis (Fig. 3A) . Cells stably transfected with wild-type (WT) NHE1 displayed the characteristic pattern of a 105 -100 kDa immunoreactive protein and a second smaller protein of 80 -90 kDa. This likely reflects different levels of glycosylation of the NHE1 protein (13) . AP-1 cells, not transfected with NHE1, showed no such immunoreactive pattern. Cells transfected with the G305R mutant DNA also showed the presence of NHE1 protein, though this was entirely found as the lower molecular weight form. The amount of protein expressed was reduced. Quantification of the amount of NHE1 protein showed that it was reduced by about one-third (to 33.8 + 3.2% of control levels).
We previously made mutations of the NHE1 protein to study its structure and function (13, 14) . Some of these resulted in protein mis-targeting, with a reduced amount of NHE1 protein on the cell surface. To determine if the G305R mutation resulted in aberrant targeting of the NHE1 protein to the cell surface, we initially examined cell surface targeting of the mutant protein in comparison with the WT using a quantitative approach with cell surface labeling by sulfo-NHE-SS-biotin. We found that approximately 50% of the WT protein was targeted to the cell surface (Fig. 3B) . In contrast, G305R protein was mis-targeted. There was no significant targeting of the protein to the cell surface. As noted above, all of the protein was partially or de-glycosylated, which we have earlier found is characteristic of mis-targeted NHE1 proteins (13, 14) .
To illustrate the targeting of the WT and mutant NHE1 within the cells, we used immunocytochemistry. Figure 3C illustrates two examples each of the localization of NHE1 in the two cell types. WT (upper panels) showed strong plasma membrane localization. In contrast, cells containing the G305R mutant (lower panels) showed only an intracellular localization of NHE1, which was punctate and at least partially perinuclear. There was no evident plasma membrane localization.
We then used a fluorometric assay to determine the activity of the NHE1 mutant G305R protein relative to that of the WT NHE1 protein. Figure 3D illustrates examples of NHE1 activity of a stable cell line expressing either WT, or the G305R mutant protein. Figure 3E shows a summary of the results. The G305R protein had only a tiny fraction (2%) of the WT NHE1 activity that was only slightly greater than the background shown by untransfected AP-1 cells. In contrast the WT, NHE1 protein showed the typically high NHE1 activity that we have noted earlier (13, 14) .
DISCUSSION
In this study, we report the first identification of a gene involved in Lichtenstein -Knorr syndrome by the demonstration of a loss-of-function missense mutation in SLC9A1 that segregates with progressive ataxia and deafness in a large consanguineous family. SLC9A1 was first cloned in 1989 (15) and codes for NHE1, an 815 amino acid protein containing a hydrophobic N-terminal membrane domain of 500 amino acids responsible for Na
+

/H
+ exchange transport and a hydrophilic, intracellular 315 amino acid long C-terminus that regulates transport (16) . NHE1 is a ubiquitous protein located at the surface of mammalian cells within the plasma membrane. It transports one Na + into the cell in exchange for one H + against its electrochemical gradient (17) . Despite the fact that NHE1 is ubiquitously expressed, evidence that NHE1 function is prominently important for the CNS came from studies of spontaneous and knockout mice models which present with a neurological syndrome including ataxia and epilepsy (10, 12) . In the spontaneous mouse mutant (swe, for slow-wave epilepsy), extensive analysis of all mutant mouse tissues revealed progressive neuronal degeneration only in three regions of the CNS: vestibular nuclei, cochlear nuclei and most prominently deep cerebellar nuclei. These sites of pathology correlate perfectly well with the clinical presentation of the three patients of family C. Despite the fact that the SLC9A1 mouse models did not present deafness, NHE1 was shown to have an important role in the inner ear by regulating the pH of the endolymphatic sac, which is essential for the normal hearing function. It has been shown that changes in the pH of the endolymphatic sac endolymph causes hearing loss (18) . Contrary to the mouse models, which present with severe convulsive seizures and growth retardation, the patients of family C. had no epilepsy. The reason for this is not known at this time. In our analysis of the G305R mutant protein, we found it was almost completely (.90%) mis-targeted and the activity of the mutant protein in AP-1 cells was barely above background levels, at 2% of the WT protein. It is uncertain at this time if this small amount of activity is real and could account for the milder presentation of the human disease compared with the mouse models, which are a consequence of complete loss-of-function mutations [non-sense mutation p.Lys442 * in the swe spontaneous model and deletion of three transmembrane domains (amino acids 199 -275 of the mouse protein) in the knockout model]. In this respect, the mouse models mimic more closely the Pratap-Chand syndrome that manifests cerebellar atrophy, growth retardation, microcephaly and even epilepsy in 2 of 11 reported children (8) , while the patients of family C. present a juvenile LichtensteinKnorr syndrome (6, 9) . Sequencing of the 12 exons of SLC9A1 in Human Molecular Genetics, 2015, Vol. 24, No. 2 467 Equal amounts of total (T) cell lysate and unbound (U) intracellular lysate were examined by western blotting with anti-HA antibody as described in 'Materials and Methods'. WT and G305R are cell lines stably expressing WT NHE1 and mutant NHE1, respectively. The percent of total NHE1 protein found on the plasma membrane is indicated. Results are the mean + SE. n ¼ at least four determinations. (C) Immunocytochemical localization of WT and G305R NHE1 proteins in AP-1 cells. Stably transfected cells were prepared for immunocytochemical analysis using anti-HA antibody as described in 'Materials and Methods'. Upper panels, WT NHE1; lower panels, G305R mutant. Green, anti-NHE1 (HA-tag); blue, DAPI (nucleic acid) staining. (D) Example of Na + /H + exchanger activity of cell lines containing WT NHE1, G305R NHE1 mutant protein and AP-1 parental cells. NHE1 protein activity was assayed in stably transfected AP-1 cells as described in 'Materials and Methods'. For ease of viewing, only the recovery from acidosis is shown for the G305R protein and AP-1 cells. NH 4 Cl, indicates treatment with ammonium chloride. After NH 4 Cl treatment, there was a brief 'Na free' treatment to induce acidosis. NaCl, indicates recovery from acidosis in NaCl containing buffer. The acid treatment and entire recovery period are shown for illustrative purposes only. (E) Summary of the initial rate of change in intracellular pH mediated by NHE activity in stably transfected AP-1 cells containing WT and mutant (G305R) NHE1 proteins. Activity was measured after ammonium chloride prepulse from the first 20 s of recovery from acidification as described earlier (13) and as described in 'Materials and Methods'. Results are intracellular DpH/s (n . 6).
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Human Molecular Genetics, 2015, Vol. 24, No. 2 172 patients with ataxia or deafness revealed no disease-causing variant, suggesting that alteration of NHE1 might only be associated with syndromic ataxia -deafness. Further studies of SLC9A1 in ataxia/deafness patients are warranted in order to uncover the full spectrum of this unique disorder.
MATERIALS AND METHODS
Ethics statement
Written informed consents, as defined by the Nancy University Hospital Ethics Committee, were obtained prior to blood sampling of members of family C.
Genetic studies
DNA was extracted by standard procedures.
Patients from family C. were analyzed with Affymetrix 50 K Xba 240 SNP arrays according to the protocol provided by the manufacturer (Gene Chip Mapping 100 K Assay manual, Affymetrix, Inc., Santa Clara, CA, USA). Homozygous regions shared between the patients were identified with the HomoSNP software (http://bips.u-strasbg.fr/HomoSNP/) that was set to identify regions of 35 or more consecutive homozygous SNPs across the 22 autosomes. In order to demonstrate identity by descent, as opposed to identity by state, SNPs of the shared homozygous regions were then individually inspected to verify that the same haplotype was shared between the patients and that, apart from recombination events, genotypes were identical beyond the homozygous regions.
Whole-exome sequencing was performed by exon capture with the Agilent SureSelect kit and high-throughput sequencing with an Illumina HiSeq2500 sequencer (IGBMC sequencing platform). Approximately 91 million reads were obtained and mapped to the human reference genome (hg19). The median depth of reads over exons was 61.0, with 89.5% of total exons covered by 10 reads or more. Exon coverage with at least one sequence was 95.9%. dbSNP 137 served as a reference to exclude SNPs with a frequency of 1% or above. An additional search in 1000 Genome project and exome variant server (NHLBI GO Exome Sequencing Project) SNP databases was performed to assess the frequency of the selected variants (19) . Variants were also analyzed for pathogenicity with in-house pipelines, which combine splice site prediction and proteincoding changes (19) .
A search for mutations in patients from family C. was performed examining genes known to be responsible for neurological phenotype including recessive cerebellar ataxia and no mutations were found.
Genomic DNA of 157 patients (156 families) with sporadic or recessive ataxia, 11 patients (8 families with hearing loss), 3 patients (1 family) with sensorineural hearing loss and vestibular dysfunction, and 1 patient with sensorineural hearing loss, retinitis pigmentosa and hypotonia was screened by direct sequencing of the protein-coding exons of SLC9A1 (12 coding exons).
Functional studies
Materials
2
′ ,7-Bis (2-carboxyethyl)-5(6) carboxyfluorescein acetoxymethyl ester (BCECF-AM) was purchased from Molecular Probes, Inc. (Eugene, OR, USA). Sulfo-NHS-SS-biotin was purchased from Pierce and synthetic DNA was from IDT (Coraiveille, IA, USA). All other chemicals that were used were of analytical grade and were purchased from Fisher Scientific (Ottawa, ON, Canada), Sigma (St Louis, MO, USA) or BDH (Toronto, ON, Canada). The plasmid pYN4+ is an expression plasmid containing cDNA for the human NHE1 protein with an HA tag and has been described earlier (20) Cell culture and stable transfection To characterize the activity of the mutant versus WT Na + /H + exchanger, we used AP-1 cells that are a mutant cell line derived from Chinese hamster ovarian cells that does not express endogenous NHE1 (15) . Stably transfected cells were made using LIPOFECTAMINE TM 2000 Reagent (Invitrogen Life Technologies, Carlsbad, CA, USA) as described earlier (13) . The NHE1 expression plasmid, pYN4+, has a neomycin resistance gene that allows selection of stably transfected cells using geneticin (G418). Cell lines were regularly re-established from frozen stocks at passage numbers between 5 and 11. The results are typical of at least two stable cell lines.
Cell surface expression
Targeting of the NHE1 protein to the cell surface was measured as described earlier (21) . Briefly, the cell surface proteins were labeled with sulfo-NHS-SS-biotin and after solubilization the cell surface Na + /H + exchanger was removed with immobilized streptavidin resin. Equivalent amounts of unbound and total protein were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS -PAGE) examined by western blotting for immunoreactive (HA-tagged) NHE1 protein.
Protein levels on western blots were estimated using the Image J 1.35 software (National Institutes of Health, Bethesda, MD, USA). It was not possible to efficiently and reproducibly elute proteins bound to immobilized streptavidin resin. Amounts of NHE1 on the plasma membrane were estimated by comparing both the upper and lower HA-immunoreactive species.
Immunocytochemistry AP-1 cells stably expressing WT-NHE1 or G305R mutant were maintained at 378C, 5% CO 2 and 95% humidity in adherent culture in alpha-minimal essential medium supplemented with 10% bovine growth serum, 12.5 mM HEPES and 400 mg/ml G418. Immunostaining was performed as described earlier (21) . Briefly, cells were immunostained with mouse monoclonal anti-HA antibody (1 : 300) to detect HA-tagged NHE1 or G305R mutant. The secondary antibody was Alexa Fluor 488-conjugated goat anti-(mouse IgG) immunoglobulin (1 : 300 in 0.1% triton-X 100 and 0.1% bovine serum albumin in phosphate buffered saline; Molecular Probes, Eugene, OR, USA). Finally, the cells were washed three times with PBS, and coverslips were mounted using Vectasheild (Vector Laboratories, Burlingame, CA, USA) mounting media containing 4 ′ ,6-diamidino-2-phenylindole (DAPI). Alexa 488 was excited at 488 nm and detected at 510-560 nm. DAPI was excited with a UV laser and detected at 435-465 nm. Images were taken with a confocal laser scanning microscope (Leica TCS SP5).
SDS -PAGE and immunoblotting
Expression of NHE1 in stable cell lines was confirmed by immunoblotting using antibodies against the HA tag. Samples
were run on 10% SDS -PAGE gels and were transferred to nitrocellulose membranes. The primary antibody was anti-HA monoclonal antibody followed by peroxidase-conjugated goat anti-mouse antibody (Bio/Can, Mississauga, Canada) for signal detection. Reactive protein was detected on X-ray film using the Amersham enhanced chemiluminescence western blotting and detection system.
Intracellular pH measurement
To measure the activity of the Na + /H + exchanger and intracellular pH (pH i ), the fluorescent compound BCECF was used to quantify recovery after an acute acid load was induced as described earlier (13) . Cells were grown to approximately 90% confluence on coverslips and fluorescence was quantified using a PTI Deltascan spectrofluorometer. Briefly, acute acidosis was induced with addition and removal of ammonium chloride (50 mm × 3 min). The first 20 s of recovery from acidification was measured and is expressed as DpH/s. Calibration of intracellular pH fluorescence was done for each sample (13 
